Tobacco plants (N'cotiana tabacum L.) were grown in the field and the apex was removed at the 42-day stage. Shading screens were set up which produced 0, 26, 67, and 90% shade. Plants were grown an additional 25 days before leaves from top, middle, and bottom stalk positions were harvested. Each leaf group was analyzed for free sterol, steryl ester, steryl glycoside, and acylsteryl glycoside. The free sterol content was lowest in top leaves and highest in bottom leaves; however, the top leaves had more steryl ester than the bottom leaves. Leaf position had no effect on steryl glycosides and acylsteryl glycosides. Shading did not influence the level of any sterol dass; but in general,
shading increased stigmasterol and decreased sitosterol. This trend was observed for all sterol cases, and the free sterols showed the largest and most consistent change. The younger top leaves showed a greater response than the older bottom leaves, but bottom leaves always had more stignasterol than sitosterol even without shade.
Physiologically older leaves contain higher sterol levels than younger leaves and as leaves mature the sterol levels increase (1, 7, 12, 14) . The two major sterols in tobacco are sitosterol and stigmasterol, and the latter C29 sterol differs from the former C29 sterol in one double bond at C22-C23. As leaves mature, an increase in free sterols has been observed and most of the increase was due to an increase in free stigmasterol (12) . Increases in stigmasterol have also been found in maturing etiolated mung bean hypocotyl sections (11) . It has been postulated that during senescence an increased amount of sitosterol is converted to stigmasterol (7, 11) and that this process is linked to the disorganization of intracellular organelles (9, 10) .
The process of senescence can be accelerated if plants are transferred to darkness (19) . Light also affects the sterol composition of plants. Generally, dark-grown plants contain more sterol than light-grown plants (4, 8) , and the incorporation of 14C-mevalonic acid into sitosterol was found to be higher in the light than in the dark (3) . However, the incorporation of mevalonic acid into stigmasterol was not influenced by light. Davis (7) has pointed out that the lower leaves of plants are not only physiologically older but generally also receive less light, therefore, an interacting effect on sterol metabolism may occur.
The present investigation was designed to clarify the importance of light intensity and tissue age on qualitative and quantitative sterol changes in leaves. Field-grown plants were used for this study, since plants grown under artificial conditions often do not show the sterol response with tissue maturation (6, 16 Extraction and Analysis of Sterols. The method used for extracting and separating sterols into various classes was essentially as described previously (12) . The sterols were extracted from 5 g of dry leaf sample with acetone in a Soxhlet for 24 hr. The dried extract was dissolved in hexane and applied onto a 1.5-cm (i.d.) glass column packed with 30 g of activated silica gel, 70 to 325 mesh. Activation of silica gel was at 100 C for 16 hr. The plant extract was washed into the column with 150 ml of hexane. The separation of sterol classes was by serial elution -150 ml of 10% benzene in hexane (v/v) followed by 700 ml of 40% benzene in hexane (v/v) removed the steryl esters; 150 ml of benzene followed by 800 ml of chloroform eluted the free sterols; 700 ml of 2% methanol in chloroform (v/v) eluted the acylated steryl glycosides; and 600 ml of 5% methanol in chloroform (v/v) removed the steryl glycosides. The steryl esters were saponified with 5% KOH in 95% ethanol (w/v) for 30 min. The hydrolysis of the glycosides was with 0.5% H2SO4 in 95% ethanol (v/v) for 12 hr. The alcoholic mixtures were neutralized and the sterols were extracted with hexane. For further purification the sterols were precipitated with digitonin and washed with diethyl ether (14) .
A gas chromatograph, equipped with a flame ionization detector and an electronic integrator, was used in the qualitative and quantitative analysis of sterols. The column was glass (1.80 m x 6 mm) and packed with 5% OV-101 on Anakrom ABS, 80/90 mesh. The operating temperatures were: column, 264 C flash heater, 305 C; and detector, 310 C. Helium at 80 ml/min was the carrier gas. The sterol digitonide precipitate was cleaved with pyridine and the digitonin precipitated with diethyl ether. Cholestane was the internal standard, and for quantitation of sterols corrections were made for differences in detector response.
RESULTS No significant difference in leaf dry weight could be found at any level of shading except for the top leaves at the 90% level ( Table 1) . All leaves at all stalk positions were shaded for 25 days. Since the plants were topped before the treatment was started, no new leaves were formed at the plant apex during the experimental period. The top leaf group, which consisted of leaves 1 and 2, was the most juvenile leaf group but even these leaves were at least 27 days old and received 25 days of shade; however, at the time the shading screens were set up, the top leaves were quite small and very young. At the time of harvest, the bottom leaves were overmature and had started to yellow. The middle leaf group was mature and did not show any sign of yellowing. The dry weight content of the middle leaf group was slightly higher than either the top or bottom leaf groups.
The free sterol content of top leaves was 3.20 ,umol/g dry weight, of middle leaves, 3.42 ,imol, and of bottom leaves, 3.90 umol (Table II) . The steryl glycosides, as well as the acylsteryl glycosides, did not show a significant trend with stalk position because of high sample-to-sample variation. The steryl ester fraction, however, showed a significant change with stalk position and the change was in the opposite direction from that of the free sterols. Upper leaves contained 0.76 ,umol of steryl ester while the bottom leaves had 0.49 Amol. Shading had no significant effect on the free sterol, steryl ester, steryl glycoside, and acylsteryl glycoside content (Table III) ; even the 90% shading treatment did not influence the free sterol content. Analysis of the free sterols revealed that stigmasterol was the major sterol in leaves from all stalk positions under all shading conditions, except for the top leaves without shading (Table  IV) . Top leaves without shading had 39% sitosterol and 33% stigmasterol, while under 90% shading, the individual sterols were 31 and 42%, respectively. Shading levels between 0 and 90% produced intermediate sitosterol and stigmasterol levels. Shading and lower stalk position decreased the campesterol level but had no effect on the cholesterol level.
The sterol composition of the steryl ester fraction changed both with stalk position and shading (Table V) and cholesterol was the same for all stalk positions under all shading treatments.
Sitosterol was the major sterol of the steryl glycosides (Table  VI) and accounted for 52% in top, unshaded leaves and 44% in 90% shaded leaves. Lower stalk positions had less sitosteryl glycoside. In general, as the sitosteryl glycoside level decreased, the stigmasteryl glycoside level increased. The campesterol and cholesterol levels were essentially the same for all stalk positions under all shading conditions. The steryl glycoside fraction, however, had the lowest level of cholesterol of any sterol class. Sitosterol was also the major sterol in the acylated steryl glycoside fraction from top leaves, but in middle and bottom leaves stigmasterol was the major component (Table VII) . In top leaves the acylstigmasteryl glycosides increased with shading, from 26% under 0% shading, to 32% under 90% shading. The campesterol and cholesterol components were not affected by shade. Shading had no effect on middle and bottom leaves.
DISCUSSION
Plant aging is a continuous and complex process both in terms of the chemistry and structure of the cell. Light is one environmental factor that influences the aging process (19) . Generally, shading hastens senescence of leaves but apparently light does not merely act on photosynthesis (18) . In our investigation all leaves were at least 27 days old, and the bottom leaves were much older and showed yellowing and a slightly lower dry weight content (Table I) . This is in agreement with previously published results (5). The top leaves had reached full size; however, the juvenile phase was extended since the terminal was removed at the time the shading treatment was started.
The previously reported (12, 15) higher sterol level of physiologically older leaves was observed in our study (Table II) . Shading, however, did not significantly influence the sterol content (Table III) . The absence of a shading response was unexpected since it had been reported that on a dry weight basis, dark-grown plants had more sterol than light-grown plants (4, 8) . Rademacher and Feierabend (17) made a similar observation but if they corrected their results for the higher dry weight content of light-grown plants, no significant difference in sterols was found between light-and dark-grown plants. Furthermore, they observed that the light effect was less pronounced as the growing temperature was increased. Our plants were grown in the field and the average high daytime temperature was quite high, about 30 C. This, plus the fact that with shading no difference in leaf dry weight (Table I) was observed, may explain our results.
The most striking effect of shading, however, was in the composition of the free sterols (Table IV) , steryl esters (Table  V) , steryl glycosides (Table VI) , and acylsteryl glycosides (Table  VII) . In general, the sterol composition of all four sterol classes was affected in a similar manner, but the free sterols showed the most consistent response. With increased shading the sitosterol component decreased and the stigmasterol component increased, and the largest response was found in the top-the most juvenile leaves. This larger response of young leaves agrees with the report by Geuns (11) that sterol biosynthesis (2) , and shading enhances this aging process (19) . As these structural changes begin, a change in the biosynthesis of sterols may also start. Both sitosterol and stigmasterol have 29 carbon atoms and are identical in structure except that stigmasterol has a double bond at C22-23. It is generally assumed that sitosterol is the major precursor to stigmasterol (13) and the simplest explanation for our results is to suggest an increase in the 22,23-dehydrogenase activity. An increased activation of this enzyme can explain the increase in stigmasterol and decrease in sitosterol; however, only indirect evidence is available to suggest that plants readily convert sitosterol to stigmasterol (13) . In a recent paper, Bush and Grunwald (3) reported that the rate of "4C-mevalonic acid incorporation into sitosterol was lower in the dark than in the light. Therefore, it appears that the induced change in sterol biosynthesis may not be merely a conversion of sitosterol to stigmasterol; and it is quite likely that shading and age decrease sitosterol biosynthesis without affecting the biosynthesis of stigmasterol. Additionally, a number of alternate pathways for the biosynthesis of stigmasterol have been postulated but all of these require a more complicated scheme to explain the shift in sterol biosynthesis (13) .
